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CFD MODELING OF SLURRY PIPELINE AT DIFFERENT PRANDTL NUMBERS
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ABSTRACT

The present work shows the slurry flow characteristics of glass beads having density 2470 kg/m?® at
different Prandtl number through a horizontal pipeline. The simulation is conducted by Eulerian two-phase
model using RNG k-¢ turbulence closure in available commercial software ANSYS FLUENT. The
transportation of solid particulates has the settling behaviour in the slurry pipeline and that leads to the
sedimentation and blockage of the pipeline resulting more power and pressure drop in the pipeline. Therefore,
it is important to know the transport capability of the solid particulates at different Prandtl fluids to minimise
the pressure loss. The fluid properties at four Prandtl numbers i.e. 1.34, 2.14, 3.42 and 5.83 is used to carry the
solid concentration ranges from 30-50 % (by volume) at mean flow-velocity ranging from 3 to 5 ms™*. The
obtained computational results are validated with the published data in the literature. The results show that the
pressure-drop rises with escalation in flow velocity and solid concentration at all Prandtl number. It is found
that the suspension stability enhancement is considerable for lower range of Prandtl number and decreases for
higher range of Prandtl number. Finally, glass beads concentration contours, velocity contours, concentration
profile, velocity profiles and pressure drop are predicted to understand the slurry flow for chosen Prandtl
numbers.

Keywords: 3D Horizontal Pipeline, Prandtl Number, Pressure Drop, Particulates Concentration,
Velocity Distribution

INTRODUCTION

Conveyance of solid particulates through pipelines and pumps is the most common phenomenon used
by various industries such as mining, chemical, cement, iron ore industries and especially in power plants across
the world. This mode of slurry transportation through pipeline systems facilitate various advantages such as
incessant conveyance, low traffic, less air pollution, negligible ecological disorder, long distance conveyance
competency etc. Most of the research reported the experimental studies to know pressure drop, concentration
distribution and velocity distribution in the slurry pipeline. O’Brien [1] and Rouse [2] displayed the
concentration dispersal for low volume fraction of solids in an open channel using diffusion model. Ismail [3]
further improved the diffusion model by relating shear velocity gradient with mass transfer coefficient. The
work on flow of suspension through pipeline include the work of Shook et al. [4]-[5] and Karabelas [6]. Turian
et al. [7] experimented the effect of Reynolds number and particulate-concentration on friction loss for minute
glass beads particle slurry. Further the effect of particulate size in slurry flow and the heterogeneous distribution
of coal ash slurry investigated by Roco & Shook [8]-[9]. Colwell et al. [10] carried out an experiment for slurry
mixture consisting of sand and polystyrene particles in a horizontal 0.050 m diameter pipeline. Velocity and
concentration profiles were depicted at three different positions and optimal entry lengths were estimated for
the chosen particle slurry.

Some of the preeminent researches include the work of many researchers who focused mainly on
dispersal of solid particulates Gillies et al. [11] — [13]. Matousek [14] performed the laboratory experiment by
using sand water mixture flow in a 0.105 m diameter pipe and analyzed the flow characteristic at three different
inclinations i.e. horizontal, vertical and — 35° descendent pipes and observed the flow pattern variation for fully
stratified and suspended flow. Further, most of the research reported the experimental and numerical studies to
know pressure drop, velocity distribution and concentration distribution in the slurry pipeline. Ling et al. [15]

numerically investigated the sand-water mixture flow in a horizontal pipe using algebraic slip model (ASM).
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The findings show motivating results for mean slurry velocity, which has been found greater than the settling
velocity of the solid particulates. Krampa-Morlu et al. [16] investigated slurry flow parameters for coarser
particles in a vertical pipe using k-¢ turbulence closure and studied the particle-size effect and concentration
effect on flow characteristics. Kaushal et al. [17] analyzed particle-size (440 um and 125 um) effect on pressure-
drop for highly concentrated slurry flow in a horizontal pipe of 0.0549 m diameter. Kaushal et al. [18]
experimented near wall lifts for coarser solid particulates in a slurry pipeline of 0.0549 m diameter and reported
the effect of slip velocity on pressure drop. Lin and Ebadian [19] used algebraic slip model and analyzed various
developing parameters of sand water mixture at entry section of the pipeline. Lahiri and Ghanta [20] proposed
a theoretical model by using support vector regression (SVR) and genetic algorithm (GA) to predict the pressure
drop in a solid-liquid mixture flow. Kumar et al. [21] performed an experiment on bend pressure drop of slurry
pipeline using multi-tube U-tube manometer assembly and resulted experimental data was compared with 3D
CFD modeling simulation pressure drop data and concluded that pressure-drop at the outside wall is more than
the inside wall of the bend. Chandel et al. [22] studied the pressure drops and rheological features of the fly-ash
slurry pipeline and illustrated settling behavior of slurry for various flow velocities for slight dip in pressure
drop by adding an additive. Monteiro and Bansal [23] discussed the variation of pressure drop with ice
concentration, pipe diameters and slurry velocity using theoretical rheological model predicting behavior of
slurry flow parameters in the pipe. Naik et al. [24] studied the rheological characteristics at different temperature
using cationic surfactant and counter ion, which reduces surface tension, enhances suspension stability of solid
particulates. Kaushal et al. [25]-[26] carried out the CFD modeling for fine particles and mono dispersal
particles at higher concentration through horizontal pipelines by using Eulerian two-phase model and illustrated
pressure drop characteristics along with other flow constraints. Gopaliya and Kaushal [27] studied the grain
size effect on slurry flow characteristics using CFD. Melorie et al. [28] found the addition of hydrated lime
increases the rheological behavior and high yield stress for all volumetric concentration of slurry. Assefa et al.
[29] proposed new empirical viscosity model for the highly concentrated Bingham slurry ranging from 50 -
70% by weight and found the proposed viscosity model in agreement with the experimental study for
determining the viscosity of multi sized particulates Bingham slurry flowing at higher concentration. Singh et
al. [30] added an additive sodium bicarbonate in highly concentrated fly ash slurry, which modified the
rheological characteristics of the fly ash slurry. Singh et al. [31] further added bottom ash to the fly ash in the
solid concentration ranging from 10- 30 % by weight and observed that adding coarser bottom ash results in
improved rheological characteristics and suspension stability. Parkash et al. [32] reported the simulation of 440
um solid particulates size slurry in the range of 10 to 30 % (by volume) at Prandtl number, Pr - 5.83.
Hoseinzadeh et al. [33]-[38] reported the heat transfer characteristics through porous fins with multiple phase
change material and presented the exergy energy analysis of power plant. The effect of MHD nanofluid heat
transfer in a baffled U shaped enclosure is studied by Ma et al. [39] —[41]. Mansoury et al. [42] studied the
effect of Al203/water nanofluid on parallel flow heat exchanger. Bhatti et al. [43] developed a mathematical
model of MHD nanofluid that accounts the effect of thermal radiation and chemical reaction. Sheikholeslami
et al. [44]-[54] studied heat transfer characteristics effect of nanofluid through fins and heat exchanger. Several
other studies [55]-[69] examined the effect of thermal performance through mini channels, microprocessors,
staggered and pin fin heat sink using nanofluid. The current work on computational modeling can be further
enhanced in finding the temperature profile and other parameters through various thermodynamic models [70-
79]. Therefore, many researchers developed different solutions for the slurry flow using limited experimental
data. In fact, most of the designers rely and depend on the data generated from pilot plant test facility for
designing slurry transport systems. Thus, the work on slurry pipeline design is still limited and offers numerous
opportunities particularly in case of higher concentration slurries. Additionally, setting up a new slurry pipeline
system is a tedious and costly affair and needs to be minimized. Further, it is observed that CFD tools
demonstrate capabilities to understand the slurry flow behavior at selected location in the pipeline, which allow
the researchers to carry out parametric study within a short period that too at low cost.

In the literature, researchers focused on predicting suspension stability of slurry flow with or without
adding an additive. However, there is no literature available for slurry pressure drop using Prandtl number.
Thus, a better understanding of solid particulates slurry flow characteristics i.e. pressure drop, settling velocity
of solid particulates, solid particulates distribution and velocity distribution at different Prandtl fluids is
prerequisite to improve the present slurry pipeline system. The present work demonstrates the characteristics of
slurry flow focusing transportation capabilities of solid particulates at different Prandtl fluids that helps the pipe
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designer to understand the slurry flow behavior across the pipeline systems. Computational fluid dynamics
possess abundant scope and competence for evaluating aforementioned parameters at different cross-sections
of the pipeline. An effort has been done to predict the slurry flow characteristics for 125um particle size by
employing Eulerian two-phase model with RNG k-¢ approach. Therefore, computational modeling of 0.0549
m diameter pipeline has been carried out for the solid concentration, 30 to 50% (by volume) in the velocity
range of 3 to 5 ms™ at different Prandtl fluids. The validation of the developed computational model is done
with the available published data by Kaushal et al. 2007.

MATHEMATICAL MODEL
Eulerian Model

An efficient Eulerian model of granular flow containing liquid and solid phases is used for simulation. The
two phases are presumed to be a, and o, for a, + o;= 1. It solves the governing equations for each phase and the
phase coupling is attained by pressure and interphase exchange coefficients. The solid particle in the slurry flow
subjected to following forces i.e. Static/solid pressure gradient (VP /V Ps), viscous (V.75) and body forces (p 9,
Lift/virtual forces and forces due to phase velocities difference (K¢ (1_55 - ﬁf)). The lift and virtual mass
coefficient (C,»/Cr) assumed as 0.5 in the present study. The slurry is two-phase flow in which micro size
particles dissolve in the liquid. The two phase Navier-stokes equation has been solved to knowing the velocity
and pressure field in the domain a 0.0549 m diameter pipe. The governing equations with appropriate boundary
conditions and assumptions are [25]:

Governing Equations
Continuity Equation

Here, /' can be considered as / for liquid phase and s for solid phase.

Momentum Equations
For liquid phase:

{v. (%) =~y VP +V.(5 + ¢ )+ aupd + Kt (% = %) + Cimots (% Vs ¥ W.)} o
+CLasm (V) —Vs) < (V x V)

For solid phase:

V. (ospsVsVs) = —asVP — VP + V(17_5 + ;) +agpsG + Kig (Vi —Vs) + Cymaspy (V- VY] — Vg -Vvs)] 3)
+CLasp (Vs —Vp) x (Vx V)

Here 7¢; is the Reynolds stress tensor, whereas Tgand 7, are the viscous stress tensors for solid and liquid phase

respectively and are given by:
E— - - 2 > 7
Tg = [as,us(Vvs + var) +a;(As — gﬂs)V- vsl] 4)

and

7 = [ay w (VO + Vﬁlfr)] Q)

Here superscript ‘fi” above the velocity vector represents the transpose and 1 represents the identity tensor
and A indicates the bulk viscosity of the solid as given below:
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1
4 O5\2
As = lg aspsdsgo,ss(l + ess) (;S) l (6)

ds represents the spherical particle diameter which is taken as 125 um in the present study and g,y is the radial

distribution function which is defined as;
-1

Yo,ss = 1_( = )3 (7

Xs,max

Here, asma is the static settled concentration , O, is the granular temperature, ey, is the restitution coefficient
and y;is the shear viscosity of liquid.
Kg the shear viscosity of solid defined as:

Us = Uscol T Uskin + Usir 3

Here pscor , Hskin @and p , are collisional, kinetic and frictional viscosities respectively. These can be defined

as:
1

4 05\2
Us,cot = Easpsdsgo,ss(l + ess) (;)2 )
_Bsing

Hsir = 2\/@ (10)

0s0spsOg7

in=| —=5———| 1+ 0.4(1+e5)(3ess— Lo
Hs kin 6(3-¢y) [ (1+eg5)(3egs )sgo,ss}] (11)

I>p is another invariant of the deviatory strain rate tensor defined for solid phase, ¢ is the internal friction angle
considered 30° in the present calculations and P; indicates the solid pressure as given below:

P = [aspsgs + Zps(l + ess)aszgo,ssgs] (12)

Ky represents the inter-phase momentum exchange coefficient defined as:

3asaip; Reg - >
Ky =Ky =--3%C (—)v—v 13
sl ls 4 Vrz,sds D Vys | S l (13)
Cp represents the drag coefficient defined by:
—1\ 2
R 2
C,=1{063+48 (—e) (14)
78

Reyis the relative Reynolds number for the liquid and solid phase and defined as:

_ p1ds|Vs—7|
Ref = T (15)

Vs represents the terminal velocity of the solid phase.
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Mixture Viscosity

Hm = W (1+2.5¢) (16)
Where p,,, represents the viscosity of the mixture, y; is liquid viscosity in slurry mixture and ¢is the volume
fraction given by (¢ = %);

Mixture Density

_ Cyr(ps—p1)
m 100 + Pi

(17

Where p,,, represents the density of slurry mixture,C,f is the concentration of solid by volume, p; represents
the solid density and p; represents the liquid density.

Prandtl Number

_ kmCp
Pr = — (18)

where Pr represents the Prandtl number, u,,is the liquid viscosity, Cp, is the specific heat of liquid and K denotes
the thermal conductivity of liquid.

The coupling of pressure-velocity with Euler two—phase model is achieved by Semi Implicit Pressure Linked
Equation algorithm. Standard wall functions comprising semi-empirical formula and functions is assumed for
simulations. The properties of the liquid phase at different Prandtl number is defined in the Table 1.

Table 1. Properties of liquid phase

Liquid phase
Prandtl number Density (kg/m?) Viscosity Specific heat Thermal Conductivity
(Pr) (kg/m-sec) (KJ/Kg-K) (W/mK)
1.34 937 0.000217 4.256 0.688
2.14 973 0.000343 4.199 0.671
3.42 987 0.000528 4.182 0.645
5.83 997 0.000855 4.179 0.613
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Flow Chart
The flow chart of the simulation process consist of the following steps as shown below:

Start

( ‘ 3D CAD Model of Pipe ‘
!
| Mesh Generation Ii

i

Define Boundary
(Inlet, Outlet and Wall)
1 ‘ Mesh Improvement

| Grid Independent Test |_.._I

Pre Processing

Yes

\‘

| Solver Start-up |
*
Boundary Conditions
(At particular velocity and solid concentration for phase 1 and phase 2)
X Solver
| Model and Method Selection |
¥
| Convergence Criteria |
]
‘ Run Simulation

N bua Coletion |
Data Collection
Post Processing
COMPUTATIONAL MODELING

Computational Domain and Grid Independent Test

The computational grids for 3.8 m long and 0.0549 m diameter horizontal pipe is generated in ANSY'S
16.0. The pipe geometry having 462 K hexahedral and quad elements is finalized conducting suitable grid
independent test. The grid independent test is performed with 154K, 243K, 382K, 462K and 522K hexahedral
and quad elements at C,y= 40 % and V,, = 5 ms™". The solid phase velocity profile w.r.t. radial distance at the
outlet section of the pipe is shown in the Figurel (b). It is found that the geometry containing 462K and 522K
cells show the identical results. Hence, a grid with 462K cells is preferred for the simulation as shown in the
Figure 1 (a). The minimum orthogonal quality and maximum ortho skewness representing the mesh quality are
0.93 and 0.065 respectively. The CPU with configuration i5 processing unit and 8 GB RAM is used and utilized
the average time of four hours for converging the solution at particular velocity and solid concentration for the
selected mesh model. The pipe length is chosen more than 50D in order to satisfying the criteria of fully
developed flow.

‘ooz 5
=]
R \ (b} 3
R \\ \ ¢
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\\\\\\\\\\\\\\\\\\\\\\‘\\\\\\\\‘\\\\\\\\\\\ A = 0.01 : |
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v
R ootk
R~ ¢
002+ =2
</ s =
1 M ls L L fl) L 515 Ll
4 4, 5
Mean flow velocity, V,, (ms ! )
a) b)

Figure 1. a) Mesh in computational domain and b) velocity profile at ¥,, = 5 ms™ and C\y= 40%
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Boundary Conditions

The computational pipe domain comprises of three faces named as inlet, outlet and wall boundaries to
conduct the simulation. The boundary conditions at inlet and outlet section of the pipeline is applied at definite
velocity and volume fraction. The wall boundary is considered with no slip condition and roughness constant
is assumed as 0.5.
Cyt represents the efflux concentration defined as:

1 - 1
Cor = ZIA a,dA = ZfA adA (19)

Solution Methods and Convergence Criteria

A second order upwind scheme is considered to simplify the turbulence Kinetic energy, volume
fraction, momentum and turbulence dissipation rate. This arrangement offers high precision, fidelity and
converging of the solutions. The converging condition works on the basis of residual value of various constraints
viz. mass, turbulent kinetic, velocity, dissipation energy and volume fractions. The values are pre-set to 0.001
time the initial residual values for every constraint.

COMPUTATIONAL RESULTS
The work shows the computed pressure drops in the last a meter length of the pipeline, whereas results

for glass beads velocity and concentration are projected at the outlet section of the pipeline.

Solid Concentration Contours

Figure 2 depicts the solid concentration contours at the outlet section of the pipeline for different
Prandtl numbers (Pr = 1.34-5.83) at the mean flow velocity, V,, = 3 ms™! and solid concentration range, C,y=
30-50% (by volume). It has been found that the sedimentation of the solid particulates occur at the bottom of
the pipeline for all Prandtl numbers as depicted in the Figure 2(a) at C,r = 30%. At low Prandtl number (Pr =
1.34, 2.14 and 3.42) solid particulates show greater dispersal across the pipe wall than the dispersal rate at
higher Prandtl number as depicted in the Figure 2 (a) at Pr = 5.83. The settling of solids is varying because of
the change in viscosity of the slurry mixture for different Prandtl numbers. The transportation of solid
particulates in slurry pipeline also intensifies with increase in solid concentration as it increases the momentum
exchange between the solid particulates that enriches the solid-solid and solid wall interaction in the slurry
pipeline as depicted in the Figure 2(b) and 2(c). Similar effects can also be perceived for higher mean flow
velocity and solid concentration for different Prandtl numbers as depicted in the Figures 3(a-c) and 4(a-c).
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Figure 2. Particulates concentration contour at ¥,, = 3 ms™! for different Prandtl number at a) C,y= 30 %, b)
Cyyr=40 %, and ¢) C,y=50 %
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Figure 3. Particulates concentration contour at ¥,, = 4 ms™' for different Prandtl number at a) C,y= 30 %, b)
Cyy=40 %, and c) Cyy=50 %
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Figure 4. Particulates concentration contour at ¥,, = 5 ms™! for different Prandtl number at a) C,y= 30 %, b)
Cyy=40 %, and ¢) C,y=50 %
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Velocity Contours

Figure 5(a) depicts the velocity contours of solid phase for different Prandtl numbers at solid
concentration, C.s = 30% and mean flow velocity, Vm = 3 ms™. It has been found that the solid phase velocity is
maximum at the center of the pipeline for chosen mean flow velocity and solid concentration range for all
Prandtl numbers. The effect on velocity contours varies with increases in solid concentration and Prandtl
number. At low Prandtl number, the velocity contours are asymmetric about the center of the pipeline as
depicted in the Figure 5(a) for Pr = 1.34, Pr = 2.14 and Pr = 3.42. However, as the Prandtl number increases the
symmetry increases as depicted in the Figure 5(a) for Pr = 5.83. Moreover, with increase in solid concentration
the symmetry increases as depicted in the Figure 5(b) and 5(c). The velocity contours in Figure 5(c) are more
symmetrical than Figure 5(b). The change in velocity contours about the center of the pipeline results due to
variation in viscosity of slurry mixture for different Prandtl numbers that increases/decreases the turbulence and
momentum exchange between the solid particulates. Further, it leads to dispersion of solid particulates
throughout the domain and thereby increases the symmetry about the center of the pipeline. Similar effects can
also be observed at higher velocity for different solid concentration range and Prandtl number as depicted in the

Figure 6(a-c) and 7 (a-c).
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Figure 5. Velocity contours at V,, = 3 ms™! for different Prandtl number at a) C,y= 30 % , b) C,r= 40 %, and
c) Cy=50%
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Figure 6. Velocity contours at V,, = 4 ms™! for different Prandtl number at a) C,y= 30 %, b) C,y= 40 %, and
c) Cyy=50%
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Figure 8 (a-c) depicts the solid concentration profile in the xy plane at a distance, x = 3.7 m from the
pipe inlet for different Prandtl number at Vi, = 3 ms™ and Cys = 30 - 50%. It has been observed that solid
concentration decreases from bottom to top of the pipeline for all chosen Prandtl numbers. However, the solid
concentration profile at low Prandtl number succeeds the other solid concentration profile at higher Prandtl
numbers through the marked arrow (o) as depicted in the Figure 8. The thickness of the fluidized bed decreases
at higher Prandtl number in the lower half of the pipeline. It is further observed that a feeble effect in
concentration profile is seen at higher solid concentration, Cys = 50 %. Similar effects can also be observed for
higher velocity and solid concentration range for different Prandtl numbers as depicted in the Figure 9(a-c) and
10(a-c).

0.02

£=d
o
o =3
T

o
2
T

1 T L

I
0 02 04
Solid volume fraction, C,z(%)

a)

0.02

I.{adial distance (m)
- &

o
2

-0.02

o
2
T

002

Radial distance (m)
o
T

Pr=1.34
— = — Pr=2.14
Pr=3.42
—imm Pr=5.83

Ly VAN

Solid volume fractiou.'Cf('!/o)

c)

02 04 06
Solid volume fraction, C.y(%)

b)

Figure 8. Particulates concentration profiles in xy plane for different Prandtl number at V,, = 3 ms™ at a) C\y=

30 %, b) Cyy=40 %, and c) Cy= 50
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Velocity profile
Figure 11 (a-c) depicts the solid phase velocity profile in x-y plane at a distance, x = 3.7 m from the

pipe inlet for different Prandtl numbers at mean velocity range, Vi = 3-5 ms™* and solid concentration range, Cy
= 30 -50%. It has been found that the velocity profiles are flatten in nature at lower solid concentration, i.e. Cy
= 30 - 40 % for all velocities and Prandtl number as depicted in the Figures 11 (a-b), 12 (a-b) and 13 (a-b).
However, the velocity profile tends to parabolic in nature at higher solid concentration, (Cvi = 50 %) as depicted
in the Figure 11(c), 12(c) and 13(c).
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Pressure Drop

Figure 14 a-c depicts the pressure drop variation with mean flow velocity at different Prandtl numbers
and solid concentration. It is found that the pressure drop rises with rise in velocity and Prandtl number at all solid
concentration range. At higher solid concentration, turbulence mixing intensifies that causes the greater pressure

loss across the pipeline.
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MODEL VALIDATION
Figure 15(a-d) depicts the validation of the developed computational model for different Prandtl number
with the published data by Kaushal et al. (2007) [18] at C,y= 50 %. The finding show that the pressure drop line at
low Prandtl number is in synchronism with the published pressure drop line as depicted in the Figure 15 (a-c).
Pressure drop is the important parameter for the slurry pipeline design system at different operating conditions.
Therefore, the present computational model at different Prandtl numbers help the pipe designer to better know the
slurry flow behavior across the pipeline system.
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Figure 15. Validation of Pressure drop at different Prandtl number a) Pr=1.34, b) Pr=2.14, ¢) Pr =3.42, and d)
Pr=5.83
CONCLUSION
The concluding remarks of present work on the solid-water slurry flow at different Prandtl fluids are as
follows:

The Eulerian two-phase model of FLUENT was found to be appropriately capture the flow behavior of
slurry transport through pipeline for chosen flow velocity and solid concentration range at different
Prandtl number.

The suspension stability of solid particulates at low Prandtl number, Pr = 1.34 is found more as compared
to the higher values of Prandtl number.

The thickness of the fluidized bed moving at the bottom of the pipeline is found more at low Prandtl
number and it decreases with the rise in Prandtl number.

The particulates concentration is found more at the pipe bottom at all Prandtl number and it decreases
from bottom to top of the pipeline.
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e The glass beads exhibit maximum velocity at the center of the pipeline and minimum velocity near the
pipe wall due to the effect of viscous forces.

e The velocity profiles is found flatten in nature at lower solid concentration, which in turn becomes
parabolic in nature at higher solid concentration.

e The pressure drop rises with increase in Prandtl number at all velocity and solid concentration range.

The study gives the satisfactory results with the published data in the literature and the transportation capability is
high at Prandtl number, Pr = 1.34. Therefore, it is better for the design engineer to transport the solid particulates
with fluid properties at Pr = 1.34 for minimizing the pressure drop.

NOMENCLATURE

Cut Efflux concentration, by volume

D Diameter of pipe, m

ds Particle diameter, pm

g Acceleration due to gravity, m/s?
v Velocity of solid phase, m/s

vf Velocity of fluid phase, m/s

Cvm Coefficient of virtual mass

p Mass density, kg/m?

pf Mass density for fluid phase, kg/m?

Ps Mass density for solid phase, kg/m?
CL Lift force

Vm Mean flow velocity, m/s

Res Relative Reynold number between solid and fluid phase
I Identity tensor

As Bulk viscosity of solid phase

T viscous stress tensor for fluid phase

Joss Radial distribution function

Us Shear viscosity for solid phase, Pa-s

us Shear viscosity for fluid phase, Pa-s

s, col collisional viscosity
s kin kinetic viscosity
Ws fr frictional viscosity

Co Drag coefficient

€ss Restitution coefficient

(CH Granular temperature

I2p Second invariant strain rate tensor for solid phase
Kst Inter-phasial momentum exchange coefficient

Vis Terminal velocity for solid phase, ms*

Greek symbols
osmax  Static settled concentration,

Os Solid phase concentration

of Liquid phase concentration

Subscripts

f Refers to fluid

] Refers to solid
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